Abstract. Some aspects of hadron spectroscopy are reviewed as of summer 2005.
INTRODUCTION
Hadron spectroscopy plays a valuable role in particle physics. It was crucial in validating quantum chromodynamics (QCD) and the quark substructure of matter. It provides a stage for understanding nonperturbative techniques, not only in QCD but potentially elsewhere in physics. Hadron spectra are crucial in separating electroweak physics from strong-interaction effects, as in charm and beauty decays. Quarks and leptons have an intricate level and weak coupling structure for which we have no fundamental understanding. Sharpening spectroscopic techniques may help solve this problem.
I review hadron spectroscopy with emphasis on new results from heavy-quark studies, discussing no-quark states (glueballs), light-quark states, charmed hadrons, charmonium, beauty hadrons, and the ϒ family, concluding with a homework assignment.
GLUEBALLS AND PARTICLES LOOKING LIKE THEM
In QCD, quarkless states ("glueballs") may be constructed from pure-glue configurations. If F a µν is the gluon field-strength tensor, one can form J PC = 0 ++ states as F a µν F aµν , 0 −+ as F a µνF aµν , and higher-spin configurations using derivatives or more than two gluon fields. All such states should be flavor-singlet with isospin I = 0. Although equal coupling to light nonstrange and strange quarks has usually been assumed, ss couplings could be favored [1] . Lattice QCD calculations predict the lowest glueball to be 0 ++ with M ≃ 1.7 GeV. Many other I = 0 levels, e.g., qq, qqg (g = gluon),, . . ., can mix with such a state. One must study I = 0 levels and their mesonic couplings to separate out glueball, nn ≡ (uū + dd)/ √ 2, and ss components. Understanding the rest of the flavoredspectrum for the same J P thus is crucial.
Two mechanisms for producing glueballs are shown in Fig. 1 . In double pomeron exchange (as utilized, for example, in CERN Experiment WA-102 [2] ), the centrally produced state is expected to have I = 0. Radiative J/ψ decay is about 10% of threegluon decay and also should populate I = 0 states if the photon couples to the charmed quark. The BES Collaboration has obtained a sample of 58 million J/ψ decays, and the CLEO-c detector hopes to record an even larger number. Other processes for glueball state X (1835), decaying to η ′ ππ, has recently been reported in J/ψ → γX [10] . There is room for glueball content of these states but two of the three between ∼ 1.3 and 1.5 GeV are likely radial 2 1 S 0 (qq) excitations, while the glue content of η ′ is limited by the observed φ → η ′ γ rate [11] . The state X (1835) is consistent with the enhancement atpp threshold reported earlier by BES in J/ψ → γpp [12] if J PC (X ) = 0 −+ . (Thepp enhancement was also consistent with 0 ++ but such a state cannot decay to η ′ ππ.) It could be a glueball with a largepp content in its wave function (but is below the lowest expected 0 −+ mass [4] of 2.6 GeV), or app "baryonium" resonance [13] .
Baryon-antibaryon enhancements near threshold appear not only in radiative J/ψ decays but also in B → ppK, B 0 → pΛπ − , and B + → ppπ + decays [14] , and in J/ψ → pΛK − [15] . Mechanisms for production of these enhancements are shown in Fig. 2 . The low-mass pp enhancement seen in B → ppK appears to be associated with fragmentation, since antiprotons are seen to follow the K + . The other enhancements seen in B decays also appear to favor a fragmentation mechanism. The pΛ +pΛ enhancement seen in J/ψ decays has M = 2075 ± 12 ± 5 MeV, Γ = 90 ± 35 ± 9 MeV.
LIGHT-QUARK STATES
The decay K + → π + π 0 π 0 , with a contribution from the π + π + π − intermediate state, measures the ππ scattering length difference a 0 − a 2 , predicted to be (0.265 ± 0.004)/m π + [16] . By studying π + π − → π 0 π 0 in a π + π − atom, the DIRAC Collaboration measured |a 0 − a 2 | = (0.264 +0.033 −0.020 )/m π + [17] . On the basis of 2.8 × 10 7 K + → π + π 0 π 0 decays and a cleanly observed cusp in the M(π 0 π 0 ) spectrum near π + π − threshold, the CERN NA48 Collaboration finds (a 0 − a 2 )m π + = 0.281 ± 0.007 (stat) ± 0.014 (sys) ± 0.014 (theory) [18] .
As mentioned earlier, a dynamical I = J = 0 resonance in ππ → ππ is predicted using only current algebra, crossing symmetry, and unitarity [6] . A pole with large imaginary part occurs at or below m ρ . The effects of this pole are very different in ππ → ππ [where an Adler zero suppresses the amplitude at low M(ππ)] and (e.g.) γγ → ππ, where no such suppression occurs [19] . Evidence for such an effect has been cited in the decays D + → π + π − π + [20] . A broad scalar resonance κ near 800 MeV, likely also of dynamical origin, is seen in the K − π + system in the decay D + → K − π + π + , and a model-independent phase shift analysis shows resonant J = 0 behavior in the K − π + system [21] . Elastic Kπ scattering does not show similar behavior, casting doubt on the naïve application of Watson's Theorem to the inelastic process. The κ is also seen by the BES Collaboration in J/ψ →K * 0 (892)K + π − decays [22] .
An effective supersymmetry between scalarqq color triplet states and spin-1/2 quarks was suggested some time ago [23] . Jaffe and Wilczek [7] have proposed that σ (600), κ(800), f 0 (980), and a 0 (980) could be viewed as a nonet of diquark-antidiquark pairs. In that case J=0 diquarks would have effective masses
MeV. However, one can also view σ , κ, f 0 , and a 0 as meson-meson ("molecular") effects. Selem and Wilczek [24] have performed successful fits to baryon Regge trajectories using a quark-diquark picture. Interesting features of their treatment are the derivation of a universal string tension giving a universal slope for trajectories, and a prediction of the slope for trajectories of baryons with one heavy quark.
If diquarks are really pointlike, the Pauli principle doesn't mind putting [ud] , [us] , [ds] together in a single hadron, making an "H" dibaryon whose mass would be below 2M(Λ) = 2.23 GeV. The absence of such a state means that one must be careful about correlations between quarks in different diquarks. Shuryak [25] has noted that instanton interactions allow one to account for such Pauli effects, and lead to a short-distance repulsive core (0.35 fm) between diquarks.
QCD predicts that in addition tostates there should be qqg ("hybrid") states containing a constituent gluon g. One signature of them would be states with quantum numbers forbidden forbut allowed for qqg. A consensus in quenched lattice QCD is that the lightest exotic hybrids have J PC = 1 −+ and M(nng) ≃ 1.9 GeV, M(ssg) ≃ 2.1 GeV, with errors 0.1-0.2 GeV [26] . (Unquenched QCD opens a Pandora's box of mixing withand meson pairs.) Candidates for hybrids include π 1 (1400) (seen in some ηπ final states, e.g., in pp annihilations) and π 1 (1600) (seen in 3π, ρπ, η ′ π).
Brookhaven experiment E-852 published evidence for a 1 −+ state called π 1 (1600) [27] . A recent analysis by a subset of E-852's participants [28] , however, does not require this particle if a π 2 (1670) contribution is assumed. Such a state would be the Regge recurrence of the pion, expected in a picture [29] of a rotating QCD string. [40] . In the first mode, its yield is 40% that of the D s , which is surprising. It is not seen by BaBar, Belle, CLEO, or FOCUS [41] .
CHARMED HADRONS
Doubly-charmed baryon candidates are also seen by SELEX. They are produced by a (67% pure) beam Σ − beam. A X + cc (ccd) candidate is seen [42] with M = 3519 ± 1 MeV, width resolution-limited, lifetime τ < 33 fs, decaying to Λ + c K − π + . The signal is 22 events above a background of 6.1. Surprisingly, the X + cc yield is 40% that of Λ c . A weak SELEX signal (5.4/1.6 events) in D + K − p also is seen [43] . There is the claim of an excited doubly charged state X ++ cc (3780) decaying to Λ c K − π + π + , but in contrast to expectations for a strong decay the final state is not 100% X + cc π + . No other experiments have reported any doubly-charmed baryon signals.
Data on singly-charmed baryons continue to accumulate, following contributions by CLEO and others. The reported levels are summarized in Fig. 3 . The Belle Collaboration reports an excited Σ c candidate decaying to Λ c π + , with mass about 510 MeV above M(Λ c ) [44] . It could be an L = 1 excitation of the spin-1 isotriplet S-wave uu, ud, dd quark pair which, in the ground state with respect to the c quark, forms the Σ c and Σ * c . It could have J P = 1/2 − , 3/2 − , 5/2 − . The value shown in Fig. 3 is a guess, using the diquark ideas of [24] . Belle also confirms a Λ c (2880) seen earlier by CLEO.
In Fig. 3 
CHARMONIUM
The elusive h c (1 1 P 1 ) state of charmonium has been observed by CLEO [46, 47] 
MeV for 2S levels, Pwave splittings should be less than a few MeV since the potential is proportional to δ 3 ( r) for a Coulomb-like cc interaction. Lattice QCD [48] and relativistic potential [49] calculations confirm this expectation of a small P-wave hyperfine splitting. One expects
Earlier h c sightings (see [46, 47] [50] . In the CLEO data, both inclusive and exclusive analyses see a signal near M( 3 P J ) . The exclusive analysis reconstructs η c in 7 decay modes, while no η c reconstruction is performed in the inclusive analysis. The exclusive signal is shown on the left in CLEO has reported a new measurement of Γ(χ c2 → γγ) = 559 ± 57 ± 45 ± 36 eV based on 14.4 fb −1 of e + e − data at √ s = 9.46-11.30 GeV [52] . The result is compatible with other measurements when they are corrected for CLEO's new B(χ 2 → γJ/ψ) and B(J/ψ → ℓ + ℓ − ). The errors given are statistical, systematic, and ∆B(χ c2 → γJ/ψ). One can average the CLEO measurement with a corrected Belle result [53] to obtain Γ(χ c2 → γγ) = 565 ± 62 eV. Using the Fermilab E835 value of Γ(χ 2 ) = 1.94 ± 0.13 MeV [54] , B(χ 2 → γJ/ψ) = (19.9 ± 0.5 ± 1.2)% one finds Γ(χ 2 → hadrons) = 1.55 ± 0.11 MeV. This can be compared to Γ(χ c2 → γγ), taking account of QCD radiative corrections [55] , to obtain α S (m c ) = 0.290 ± 0.013.
CLEO has reported a number of new results based on about 3 million ψ ′ = ψ(2S) decays. The branching fractions for ψ ′ → γX have been remeasured, with the results TABLE 1. Branching ratios for ψ ′ → γX measured by CLEO [56] .
Decay
CLEO B (%) PDG B (%) ψ ′ → γ χ c2 9.33 ± 0.14 ± 0. 61 6.4 ± 0.6 ψ ′ → γ χ c1 9.07 ± 0.11 ± 0. 54 8.4 ± 0.8 ψ ′ → γ χ c0 9.22 ± 0.11 ± 0. 46 8.6 ± 0.7 ψ ′ → γ χ cJ 27.6 ± 0.3 ± 2.0 23.4 ± 1.2 ψ ′ → γη c 0.32 ± 0.04 ± 0.06 0.28 ± 0.06 shown in Table 1 [56] . The inclusive ψ ′ → γχ cJ rates are above the world average [5] values. The decay ψ ′ → γη c serves as a key calibration for the ψ ′ → π 0 h c → π 0 γη c measurement mentioned above.
The decays ψ ′ → J/ψX have also been studied inclusively [57] . The CLEO π 0 π 0 /π + π − ratio is close to 1/2, as expected from isospin. The product branching ratios B(ψ ′ → γχ cJ → γγJ/ψ) are found to be larger than current world averages [5] . It is found that B(ψ ′ → J/ψX ) = (59.50 ± 0.15 ± 1.90)% for X = (all), consistent with the sum of known modes (58.9 ± 0.2 ± 2.0)%. By subtracting known modes one can determine B(ψ ′ → light hadrons) = (16.9 ± 2.6)%. The ratio with respect to a similar J/ψ number is 2.2σ above B(ψ → ℓ + ℓ − )/B(J/ψ → ℓ + ℓ − ) = (12.6 ± 0.7)% (the "12% rule" expected if decay to light hadrons is due to the same charm-anticharm annihilation as decay to ℓ + ℓ − ). Strong suppression of some hadronic ψ ′ final states, a mystery for more than 20 years, seems confined to certain species such as ρπ and K * K .
The ψ ′′ (3770) is a potential "charm factory" for present and future e + e − experiments. However, the total σ (DD) [58, 59] is somewhat less than the average of various direct measurements of the peak height [60, 61] . To what else can ψ ′′ (3770) decay, and what might be the reason? A light-quark admixture in the cc wave function [62] ? One finds that B(ψ ′′ ππJ/ψ, γχ cJ , . . .) sum to at most 1-2%. Moreover, both CLEO and BES [63] , in searching for enhanced light-hadron modes, find only that the ρπ mode, suppressed in ψ(2S) decays, also is suppressed in ψ ′′ decays. Thus the question of significant non-DD modes of ψ ′′ remains open.
Some branching ratios for ψ ′′ → X J/ψ [64] are B(ψ ′′ → π + π − J/ψ) = (0.214 ± 0.025 ± 0.022)%, B(ψ ′′ → π 0 π 0 J/ψ) = (0.097 ± 0.035 ± 0.020)%, B(ψ ′′ → ηJ/ψ) = (0.083 ± 0.049 ± 0.021)%, and B(ψ ′′ → π 0 J/ψ) < 0.034%. The value of B[ψ ′′ (3770) → π + π − J/ψ] found by CLEO is about 2/3 that reported by BES [65] . These account for less than 1/2% of the total ψ ′′ decays.
CLEO has recently reported results on ψ ′′ → γχ cJ partial widths, based on the exclusive process ψ ′′ → γχ c1,2 → γγJ/ψ → γγℓ + ℓ − [66] . The results are shown in Table 2. The exclusive analysis has no sensitivity to χ c0 since B(χ c0 → J/ψ) is small. Although the ψ ′′ → γχ c0 partial width is expected to be high, it must be studied in the inclusive channel, which has high background, or by reconstructing exclusive hadronic χ c0 decays. Even with the maximum likely Γ(ψ ′′ → γχ c0 ), one thus expects B(ψ ′′ → γχ cJ ) < O(2%).
Several searches for ψ ′′ (3770) → (light hadrons), including VP, K L K S , and multibody final states, are under way. The value of σ (ψ ′′ ) also is being re-checked. Two TABLE 2. CLEO results on radiative decays ψ ′′ → γ χ cJ . Theoretical predictions of Ref. [67] are (a) without and (b) with coupled-channel effects; (c) shows predictions of Ref. [60] .
Mode
Predicted (keV) CLEO (keV) (a) (b) (c) preliminary γ χ c2 3.2 3.9 24±4 < 40 (90% c.l.) γ χ c1 183 59 73 ± 9 75 ± 14 ± 13 γ χ c0 254 225 523±12 < 1100 (90% c.l.) preliminary analyses [68, 69] find no evidence for any light-hadron ψ ′′ mode above expectations from continuum production except φ η. Upper limits on the sum of 26 modes imply B[ψ ′′ → (light hadrons)] ≤ 1.8%. Cross sections at 3.77 GeV are consistent with continuum extrapolated from 3.67 GeV, indicating no obvious signature of non-DD ψ ′′ decays. Known modes account for at most a few percent of ψ ′′ decays, to be compared with a possible discrepancy of 1-2 nb in σ (e + e − → ψ ′′ ) or B(ψ ′′ ) = 10-20%. A value based on BES data [70] , σ [ψ ′′ → (non−DD)] = (0.72 ±0.46 ±0.62) nb does not answer the question. Could a more careful treatment of radiative corrections solve the problem? A remeasurement of σ (ψ ′′ ) by CLEO, preferably through an energy scan, is crucial.
Many charmonium states above DD threshold have been seen recently. The X (3872), discovered initially by Belle in B decays [71] but confirmed by BaBar [72] and in hadronic production [73, 74] , decays predominantly into J/ψπ + π − . Evidence for it is shown in Fig. 5 [75] . Since it lies well above DD threshold but is narrower than experimental resolution (a few MeV), unnatural J P = 0 − , 1 + , 2 − is favored. It has many features in common with an S-wave bound state of (D 0D * 0 +D 0 D * 0 )/ √ 2 ∼ ccuū with J PC = 1 ++ [76] . Its simultaneous decay of X (3872) to ρJ/ψ and ωJ/ψ with roughly equal branching ratios is a consequence of this "molecular" assignment.
Analysis of angular distributions [77] in X → ρJ/ψ, ωJ/ψ favors the 1 ++ assignment [75] . The detection of a small γJ/ψ mode (∼ 14% of J/ψπ + π − ) [78] confirms the assignment of positive C and suggests some admixture of cc in the wave function.
The ωJ/ψ final state in B → KωJ/ψ shows a peak above threshold at M(ωJ/ψ) ≃ 3940 MeV [79] . This could be a candidate for an excited P-wave charmonium state, perhaps the χ ′ c1,2 (2 3 P 1,2 ). The corresponding bb states χ ′ b1,2 have been seen to decay to ωϒ(1S) [80] . A charmonium state distinct from this one but also around 3940 MeV is produced recoiling against J/ψ in e + e − → J/ψ + X and is seen to decay to DD * + c.c. but not ωJ/ψ. Since all lower-mass states observed in this recoil process have J = 0 (the η c (1S), χ c0 and η ′ c (2S); see Fig. 6 [81]), it is tempting to identify this state with η c (3S) (not χ ′ c0 , which would decay to DD). Belle has recently reported a candidate for χ c2 (3931) in γγ collisions [82] , decaying to DD. The spectrum is shown on the left in Fig. 7 . The angular distribution of DD pairs is consistent with sin 4 θ * as expected for a state with J = 2, λ = ±2. It has M = 3931 ± 4 ± 2 MeV, Γ = 20 ± 8 ± 3 MeV, and Γ ee B(DD) = 0.23 ± 0.06 ± 0.04, all of which are reasonable for a χ ′ c2 state. Finally, BaBar reports a state Y (4260) produced in the radiative return reaction e + e − → γπ + π − J/ψ and seen in the π + π − J/ψ spectrum [83] . Its mass is consistent with being a 4S level (see [84] for this interpretation) since it lies about 230 MeV above the 3S candidate (to be compared with a similar 4S-3S spacing in the ϒ system). However, it could also be a hybrid state [85] , as it lies roughly in the expected mass range, a cscs state [86] , or an effect associated with D * sD * s threshold. [82] . Right: Y (4260) [83] .
BEAUTY HADRONS
The CDF Collaboration has identified events of the form B c → J/ψπ ± , allowing for the first time a precise determination of the mass: M=6287.0±4.8±reasonable accord with the latest lattice prediction of 6304±12 
THE ϒ FAMILY (BOTTOMONIUM)
CLEO data continue to yield new results on bb spectroscopy. New values of B[ϒ(1S, 2S, 3S) → µ + µ − ] = (2.39 ± 0.02 ± 0.07, 2.03 ± 0.03 ± 0.08, 2.39 ± 0.07 ± 0.10)% [90] imply lower values of Γ tot (2S, 3S), which will be important in updating comparisons with perturbative QCD. The study of ϒ(2S, 3S) → γX decays [91] has provided new measurements of E1 transition rates to χ bJ (1P), χ ′ bJ (2P) states. Searches in these data for the forbidden M1 transitions to spin-singlet states of the form ϒ(n ′ S) → γη b (nS) (n = n ′ ) have excluded many theoretical models. The strongest upper limit, for n ′ = 3, n = 1, is B ≤ 4.3 × 10 −4 (90% c.l.). Searches for the lowest bb spin-singlet, the η b , using the sequential processes [92] are being conducted. The direct photon spectrum in 1S, 2S, 3S decays has been measured using CLEO III data [93] . The ratios R γ ≡ B(ggγ)/B(ggg) are found to be R γ (1S) = (2.50 ± 0.01 ± 0.19 ± 0.13)%, R γ (2S) = (3.27 ± 0.02 ± 0.58 ± 0.17)%, R γ (3S) = (2.27 ± 0.03 ± 0.43 ± 0.16)%. R γ (1S) is consistent with an earlier CLEO value of (2.54 ± 0.18 ± 0.14)%.
The transitions χ ′ b → χ b π + π − have been observed for the first time [94] . One looks for ϒ(3S) → γ → γπ + π − → γπ + π − γϒ(1S) in CLEO data consisting of 5.8 million 3S events. (See Fig. 8 .) Events with at least one detected soft pion are used. In the 2π 
A HOMEWORK ASSIGNMENT
We have made remarkable progress in sorting out level structures and transition rates for hadrons by appealing to their quark structure and using the underlying theory based on QCD. The quarks and leptons themselves present a much greater challenge. The underlying source of their masses and transitions, though these are being mapped out with impressive accuracy, is unknown. Will the successes of QCD and the quark model repeat themselves at another level? Some suggest that quark and lepton masses and couplings are as random as the orbits of the planets in the Solar System. I hope they are wrong. Mendeleev spotted gaps in his periodic table by dealing out elements on cards.
Are we playing with a full deck of quarks and leptons? Does our "periodic table" have gaps? Can we understand it as fundamentally as we understand Mendeleev's?
SUMMARY
Hadron spectroscopy continues to provide both long-awaited states such as h c and surprises such as low-lying P-wave D s mesons and X (3872), X (3940), Y (3940), Z(3940) (the γγ state) and Y (4260). We continue to learn how QCD works at strong coupling. We may have evidence for molecules, 3S and 2P candidates, and 4S or hybrid charmonium. QCD may not be the last strongly coupled theory with which we have to deal. Electroweak symmetry breaking or the very structure of quarks and leptons may require us to apply similar or related techniques. These insights largely come from experiments at the frontier of intensity and detector capabilities rather than energy, illustrating the importance of a diverse approach to the fundamental structure of matter.
